The present study examined the temporal stationarity of the performance of 16 schizophrenic patients and 16 controls matched for age and sex in a bimanual coordination task and a perceptual task. In the motor task, rhythmic finger oscillations (alternating activity of homologue muscle groups) at increasing speed levels resulted in two measures, the preferred oscillation frequency and the critical frequency at which phase transitions (change towards simultaneous activity of homologue muscle groups) occurred. A measure of local dimensional complexity (pointwise D2 or PD2), which is a measure of non-linear dynamics, was determined for the acceleration profiles of the subjects' movements. Schizophrenics exhibited less stable movement dynamics than controls in horizontal finger cycling, indicated by a lower ratio critical/preferred frequency (critical ratio) and by higher means and standard deviations of the pointwise D2. In vertical cycling, the critical ratio did not differentiate between groups, while PD2 means and standard deviations did. Groups also differed specifically in perception of two ambiguous figures (Schroeder stairs and Rubin vase). Schizophrenics showed significantly higher reversal rates for the Rubin vase and a differential perceptive in comparison to controls in the perception of the Schroeder stairs. Measures of perceptual and motor stability were unrelated, which suggests that perceptual and motor processes are not influenced by a common underlying mechanism.
Introduction
chaos analysis. Such analyses allow us to determine changes in the dynamics of the system over time or the set of rules that characterize the system's A potentially important new approach to describing dynamical processes, particularly those state at a given time. More complex systems would be characterized by higher dimensionality or a with signals that initially appear irregular or even random, is that of non-linear dynamics, also called higher rate of phase state transitions. Such approaches have been shown to be useful in characterizing a variety of processes, including physiol-transitions (i.e., qualitative changes of the system's has been explained by Koehler (1940) as the dynamical state) as well as a higher dimensionality consequence of neuronal fatigue or saturation, and and its variability in schizophrenics ( Elbert et al., by Rock (1975) as the consequence of active 1992; Koukkou et al., 1993; Rockstroh et al., selection and hypothesis testing by the viewer. In 1997), indicating a lower stability of brain schizophrenics, bistable figures have been used to dynamics. Further, Yokoyama et al. (1996) , using study perceptual stability or rigidity by measuring eye movements during reading, reported that the number of perceived reversals (e.g., Hunt and schizophrenics display a fractal property of the Guildford, 1933; Eysenck, 1952; Nemor, 1953 ; inverse power law, whereas normals show an expo- Philip, 1953; Granger, 1957 ; D'Agata and Gaffuri, nential distribution of a non-fractal nature. In 1968). Calvert et al. (1988) measured duration of contrast, in a study with normals, Kelso (1981, a percept rather than reversal rate and suggested 1984) found a stable dynamic across all subjects significantly lower stability of schizophrenics' perduring a motor task. In this task, individuals ceptual processes. One goal of the present study is performed a rhythmic out of phase movement with to replicate and extend these findings and to apply each index finger. As they increased the speed of non-linear dynamical measures to further underfinger movements, a sudden in-phase transition stand irregular processes in schizophrenia. appeared. The ratio of a person's critical frequency Given that schizophrenics in comparison to nor-(i.e., the point of the sudden phase shift) and their mals show irregularities in response to motor and preferred frequency (selected by the subject perceptual tasks, and since non-linear analyses of him/herself ) was computed and found to be similar physiological processes such as EEG show higher across subjects. This task has not been studied dimensionality measures, we would expect that the with schizophrenics, and it is a purpose of the application of non-linear measures to schizopresent study to extend Kelso's work into this area.
phrenic motor and perceptual responses would Schizophrenic individuals have been shown to provide further clues to understanding schizodisplay motor and perceptual dysfunctions in a phrenic dysfunction. In this manner, the charactervariety of studies. In terms of motor behaviors, ization of perceptual and motor dynamics in schizophrenics, in comparison to controls, show schizophrenics can provide a further clue to the more pronounced intra-individual and interindiunderstanding of irregularities in schizophrenic vidual variability and slower response on many processes demonstrated in formal thought disortasks, including reaction time (Rist and Cohen, ders, cognitive slippage, or other characteristics. 1991), finger tapping ( King, 1975) , neuropsychoThat is to say, transitions between thought patterns logical test performance (Bartfai et al., 1985) and commonly seen in schizophrenic patients may repetitive movements (Jahn et al., 1995) . Likewise, reflect similar patterns to that of the perceptual schizophrenics are shown to display perceptual and motor system, which may in turn be driven dysfunctions on a variety of levels, including temby common CNS mechanisms. However, few poral resolution of stimuli ( Kietzman, 1991) , studies have examined the similarities in perceptual visual after-effects (Calvert et al., 1991; Schwartz and motor processing dynamics displayed in the et Harris, 1994) and perceptual organizasame population of schizophrenics. To this end, tion (Bodner and Barak, 1995) , although these the present study examined motor instability and results are not unequivocal (e.g., Rief, 1991;  irregularity in schizophrenics using (a) Kelso's see also Steffy and Oakman, 1997 for a theorfinger movement task and (b) reversible figures. etical review of attentional functioning in Non-linear measures were applied to describe and schizophrenics).
quantify irregularity. Overall, we expected less One method for studying perceptual processing stability to be found in the patient group in employs bistable figures, such as the Necker cube, comparison to normals, as indicated by a higher Schroeder stairs or the Rubin vase, which may be rate of phase transitions in perceptual and motor seen in more than one aspect. Historically, this shift of perspective or reversal in figure perception dynamics.
Methods

Subjects
Sixteen schizophrenic patients (12 men, 4 women, mean age 30.8±11.7 years) were recruited from two regional psychiatric State hospitals. In terms of recruitment, the study was described to the patients during a weekly ward meeting and volunteers were solicited by the first author. The diagnosis according to DSM-IV was given by the ward psychiatrist or psychologist in charge, based on clinical files and extended personal contact with the patient. Of the 16 patients, 15 were diagnosed as paranoid-hallucinatory subtype (295.3) and one as disorganized (295.1). Duration of illness varied between 7 months and 23 years (mean duration 6±7 years). All patients were under neuroleptic medication with a mean of 175±114 mg/day, range 30-360 mg/day chlorpromazine equivalent. Normal controls were recruited by advertisements in the local newspaper. From this procedure 16 healthy subjects (12 men, 4 women, mean age 30.5±12.4 years) were selected to match to the patient group on age and sex. All subjects received a small financial bonus for their participation. a Kö lner Vitaport System ( Vitaport Systeme GmbH, Erftstadt, Germany). This is an ambulatory system with 16 bit resolution. An accelerometer was fixed at the first joint of each index finger a visual angle of 10°. A 4 mm2 black fixation point appeared in the middle of each of the two stimuli. using medical adhesive tape. Values of acceleration and deceleration were digitized at a rate of Subjects were told to fixate this point and to press a key whenever the perception of the figure 44.44 Hz. A moving-average filter with a cut-off at 6.250 Hz was employed to eliminate frequencies changed. Key presses were sampled at 8 Hz and stored in a separate marker channel of the Kö lner reflecting tremor. Vitaport System.
Apparatus and materials
Perceptual stimuli
The Schroeder stairs and the Rubin vase (see 2.3. Design and procedure Fig. 1 ) were used for bistable figures. Schroeder stairs allow a judgement of whether the stairs are Following Kelso's procedure (see Kelso, 1981) , phase transitions were elicited in two types of seen from above or below, while the Rubin vase represents a figure which shifts in terms of figuremovement patterns.
(1) Horizontal movement: subject moves index fingers simultaneously left and ground perception. The images were presented with constant illumination via paper cards forming right (alternating activity of homologue muscle groups). Increasing movement frequency leads to 2.4. Data reduction and analysis a switch into a symmetric pattern (synchronous A cross correlation between left-and right-hand activity of homologue muscle groups). (2) Vertical accelerograms was computed to determine the time movement: subject moves index fingers up and point at which in-phase finger cycling started. The down in opposite directions. When frequency is presence of a shift into in-phase cycling was increased, there is a phase transition into a synassumed whenever cross-correlation coefficients chrony. Perceptual phase transitions were induced decreased from r>|0.5| to r<|0.15| (indicating by presenting the bistable figures Schroeder stairs desynchronization of finger movements) and suband Rubin vase.
sequently returned to r>|0.5| while cycling freThe experimental session began with the percepquency was increased. In addition, observed phase tual task. After introducing the subject to the transitions were recorded by the experimenter. reversal phenomenon using non-ambiguous ver-
The frequency of finger cycling was determined sions of the stimuli, a test trial was conducted in for each subject by fast Fourier transformation which reversals were observed and participants ( FFT ) of the acceleration profiles using overlapwere trained how to signal perceived shifts. If the ping windows of 128 data points. The maxima of subject was not able to perceive a switch, the trial the resulting power spectral density (psd) function was terminated. Subjects were told that the percepduring the first 5-s interval (instruction 'most tual shifts do not occur in everyone, and that a comfortable') were considered a measure of the lack of perceptual shifts would not indicate any preferred cycling frequency. The maximum of the abnormality. In the bistable figure trials, subjects psd function for the epoch immediately preceding were first presented with both of the bistable the phase shift was taken as measure of the critical figures for 90 s each.
frequency. The individual ratio of critical and Following the perceptual task, the motor task preferred frequency (critical ratio) was used as the was explained to the subject. It was not demonmeasure of stability, with higher ratios indicating strated, to avoid imitation of cycling frequency.
lower distractibility of coordination movements. The subject was instructed to cycle 'at a rate that
The pointwise correlation dimension (PD2) is most comfortable, not too slow and not too algorithm developed by Skinner (see Skinner et al., fast'. After 5 s the instruction 'a little faster' was 1994) was used to determine the local dimensional given, and after another 5 s the experimenter complexity of the acceleration profiles (for a review instructed the subject to cycle 'even faster'. If no of other applications see Elbert et al., 1994) . phase shift was observed up to this point in time, Estimation of the PD2 includes scanning the time the instruction 'as fast as possible' was given. In series with a time-lag t, which results in the order to test the reliability of the obtained data, a reconstruction of the attractor according to the second identical trial was performed. Following procedure proposed by Takens (1981) . This attracthe motor task, subjects performed the bistable tor is assumed to represent the dynamics of the figures again for 90 s in reverse order. Finally, accelerogram in a multidimensional phase space. subjects performed the second motor task under According to Skinner et al. (1994) , the pointwise identical instructions as in the first task for two correlation dimension can be determined by comsubsequent trials.
puting the number of points C within a sphere The sequence of tasks was counterbalanced with the radius r for each reference point nref, across subjects to control for effects of fatigue, while C(r, n, nref )$rPD2. Therefore, PD2 can be training, fluctuation of motivation or other nonestimated as the slope of the log C(r, n, nref ) in specific effects. In addition, marker responses indithe log(r) domain, i.e., PD2$log C(r, n, nref )/ cating a subject's perception of one of the alternalog(r). Points that meet two criteria are considered tives (e.g., press the key when you see the faces) as reference points (nref ). First, a linear segment were counterbalanced in order to eliminate effects in the log C(r, n, nref )/log(r) plot within sufficient length is required, and second, the slopes have to of motor preference or fatigue. converge with increasing attractor dimensionality.
[F(1,15)=7.46; p<0.05] indicates lower critical frequencies in schizophrenics when they executed Given the properties described, the PD2 algorithm is able to detect changes in dimensional complexity the horizontal movement pattern. The time the Pearson product moment coefficients were employed to quantify the degree of stability of Schroeder figure was seen from above was significantly shorter in schizophrenics than in controls measures across trials and to determine the relation between clinical variables and dependent measures.
[F(1,14)=31.33; p<0.01, see Fig. 3 ]1. The individual PD2 mean values were signifiAll statistical analyses were performed using SAS for the PC, release 6.11 (SAS Systems Inc., 1995) .
cantly related to the medication status in patients, both for horizontal (−0.54; p<0.05) and vertical (−0.77; p<0.01) cycling, i.e., higher neuroleptic dosage covaried with lower PD2. Furthermore,
Results
All subjects displayed phase transitions in finger
1 In order to test the validity of these findings, analyses for movements and reversals in the Rubin vase and perceptual and motor variables were performed on a subgroup of patients (n=8) which was more homogeneous in terms of the Schroeder stairs. Data from one subject, who age (mean=30 years, SD=10 years) and duration of illness reported dizziness, had to be rejected from the (mean=5 years, SD=1.5 years, min=3 years, max=7 years), analyses of the Schroeder stairs perception. GROUP×PATTERN in the critical frequencies medication correlated with the time the Schroeder less time perceiving the more realistic alternative stairs were seen from above (−0.56; p<0.05), i.e., of the stairs. higher neuroleptic dosage covaried with less time
The measures of perceptual and movement staelapsed until change. Significant correlations bility were not significantly interrelated. However, between the duration of illness and the mean of in the patient group, the relation between the individual PD2 in horizontal cycling (−0.59; reversal rate of the Rubin vase and the ratio of p<0.05) and the time the Schroeder stairs were critical and preferred frequency in horizontal seen from above (−0.54; p<0.05) indicated that cycling approached significance (r=0.47; p<0.1). patients with a longer history of illness exhibited Thus, this relationship was in the opposite direclower dimensional complexity of movement and tion to that expected. The highest percentages of correct classifications using linear discriminant functions for variables with significant group differences were found for the critical ratio in horizontal cycling (78% correct classifications), the mean of the PD2 (81%) and the time the Schroeder stairs were seen from above (80%). The standard deviation of the PD2 (69% correct classifications) and the reversal rate for the Rubin vase (64%) were not as able to discriminate between groups. Discrimination of groups by critical ratio of horizontal finger cycling is illustrated by the bivariate scatter plot in Fig. 4 .
In the patient group, the mean of the stability coefficients (correlation between trials one and two) for all variables was 0.47, as opposed to 0.75 in the controls. Likewise, intra-individual stability compared to controls. Thus, as reported in previ-differ between schizophrenics and normals. Schizophrenic patients, as compared to controls, switched earlier from an out of phase into an in-phase pattern as they increased speed of finger movements in the horizontal but not the vertical direction. This resulted in a lower critical to preferred frequency ratio for horizontal movement. In terms of perceptual figure reversals, schizophrenics displayed higher reversal rates in the Rubin vase, but not in the Schroeder stairs.
The question arises as to the observed differences in horizontal and vertical movement patterns. One type of movement is seen in various motor skills such as typing or playing a musical instrument, whereas horizontal finger movements are less well ous studies (e.g., King, 1991; Rist and Cohen, 1991) , motor responses were not as consistent in practiced. Further, given that there were no differences between the schizophrenic and control patients as in controls. Correlation coefficients indicating negative relations between performance groups in preferred cycling speed, it would be difficult to suggest that the present findings resulted in the two trials were found only in patients (critical ratio for horizontal cycling: r=−0.17; from less motivation on the part of the schizophrenic population. It is more likely that poor time stairs seen from above: r=−0.41). However, as there was no change in the group differences on performance differences on the part of patients in the motor tasks reflect a specific kind of cerebral each trial, findings seem not to be due to a lack of reliability in the experimental group. dysfunction still to be articulated. In terms of motor processes, there are a number of proposals in the literature suggesting possible neural mechanisms underlying movement dysfunc-4. Discussion tions in schizophrenia, such as dysdiadochokinesis (Meehl, 1990) , and impaired smooth pursuit eye Given that schizophrenic individuals have been shown to display impaired motor and perceptual dysfunctions (Levin, 1984a,b) . Most mechanisms emphasize single component theories such as dysdysfunctions in a variety of studies ( Elbert et al., 1992 ( Elbert et al., , 1994 Koukkou et al., 1993) , we sought to function of synaptic transmission or lack of frontal cortical control. King (1991) extended these views characterize movement and perceptual dynamics in the schizophrenics using non-linear dynamical by suggesting that the slowed psychomotor speed found in schizophrenics results from impaired procedures. Since physiological studies using nonlinear procedures showed higher dimensionality neural integration of various subcortical and cortical subsystems involved in motor behavior. It was measures in schizophrenics as compared to normals, we expected similar results with motor and our goal to extend this last aspect by applying concepts of non-linear dynamics to the problem. perceptual processes. Using a simple finger motor task involving either horizontal or vertical moveIn the present study, not only critical ratios in horizontal cycling but also measures of dimenments, and a perceptual task involving reversible figures, we found differential results between the sional complexity in both of the movement patterns allowed discrimination between schizotasks suggesting that perceptual and motor processes in schizophrenia are not driven by a phrenics and controls. Poor motor performance of schizophrenics can be expressed in terms of a lack common CNS mechanism. In addition, important performance-related patterns were found to of stability and a higher complexity in dynamic processes that coordinate actions. Zanone and ated or mediated by the medication. We assumed that the variety of medications that our patients Kelso (1992) suggested that these are determined mainly by intrinsic CNS tendencies and external were on increases variability and reduced the possibility that one particular neuroleptic phenomenon requirements (e.g., cycling speed). This interpretation, as well as EEG/MEG results with schizocould explain our results. Three additional points should be considered in the present study. First, phrenics, would lead one to consider a relationship between thought disorders and movement dysfuncwe examined the scatter plots of the data by noting medication type and frequency. No consistent pattion (e.g., Manschreck et al., 1981; Bartfai et al., 1985) which we would expect to express in our terns were observed using this procedure. Second, it would be difficult to argue that our data could perceptual processing results. In terms of perceptual figure reversals, schizophrenics in our study be explained by medication effects, since our data showed differential responding within-subjects. displayed higher reversal rates in the Rubin vase, but not in the Schroeder stairs. Therefore the That is to say, the medication in the schizophrenics would have to have influenced horizontal movepresent findings are not supportive of a theoretical connection between thought disorders and movement differently from vertical movement. And third, although in the present study the amount of ment dysfunction.
A complete picture should, of course, describe medication did influence performance on one visual illusion, the Schroeder stairs, the effect was the manner in which performance in using perceptual figures reflects different neural mechanisms to make the schizophrenics look more like, not less like, the controls. In this case, medication and cognitive processes. This should be expected, since ambiguous figures such as the Rubin vase effects would have reduced, not increased, the differences we reported. require processing of figure-ground discriminations, whereas geometric or reversible figures such Theoretically, in order to describe processes underlying the perception of bistable figures, it is as the Necker cube or Schroeder stairs require changes of perspective. Furthermore, reversal rate necessary to have a theory to account for, or model, the reversal phenomenon. Recent percepwithin a given time interval is not necessarily an optimal measure of visual stability. Other variables tual research favors a combination of fatigue and information-processing approaches (Phillipson influencing the perception of bistable stimuli have been proposed, including the duration of the first and Harris, 1984) . This can be further extended with the inclusion of non-linear dynamical models percept prior to fluctuation or the latency in organizing the first percept (Lindauer and Baust, 1974) .
(e.g., Ditzinger and Haken, 1989) . Within a so-called synergetic framework they were able to Replicating the work of Calvert et al. (1988) , we showed in the present study that while reversal model some characteristics empirically found in the perception of bistable figures, for instance the rate in the Schroeder stairs did not differentiate between groups, duration of perspective did, with increase of reversal frequency in the course of time. Such a model based on differential equations the schizophrenics viewing the stairs longer from the less realistic perspective. This finding is further also was able to predict the relationship between group means of first perceived alternative percept complicated by the finding that viewing perspective was related to dosage of medication, which would and the individual mean duration of a given percept which is consistent with the empirical literaalso be related to severity and/or duration of the disorder. Thus, further research would not only ture (Leeper, 1935; Lindauer and Baust, 1974) . Furthermore, chaos or non-linear approaches have want to take these factors into consideration, but also include a variety of perceptual stimuli which been shown to provide a useful framework for the study of other aspects of schizophrenia as well. would lead to more consistent findings in group differences between schizophrenics and control Schizophrenic behavior which is often perceived as random may indeed be deterministic in the samples.
One concern of any study that uses medicated sense of being governed by a chaotic system including internal and environmental variables. As patients is the possibility that the results are moder-in the long-term evolution of schizophrenia. Br. J. Psychiatry Schmid (1991) figure in dementia praecox and in manic depressive patients. J. Abnorm. Soc. Psychol. 27, 443-452. Jahn, T., Cohen, R., Mai, N., Ehrensperger, M., Marquardt, C., Nitsche, N., Schrader, S., 1995. Untersuchung der fein-
